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Giardiavirus encapsidates a 6.2-kb double-stranded (ds) RNA within a capsid that consists of a major 100-kDa capsid
protein (p100) and a minor 190-kDa protein (p190). In this study, two nonhomologous 6.2-kb ds RNAs cohabiting in Giardia
lamblia trophozoites were found to be separately encapsidated into two distinct virions, one (designated GLV[p100]) whose
capsid consists of p100 and p190, and the other (designated GLV[p95]) whose capsid consists of a 95-kDa protein (p95)
and a minor p190-equivalent protein. Both types of virions were enriched in the membranous fraction of a lysate from virus-
infected G. lamblia cells. Separation of these virions was achieved by CsCl gradient centrifugation following osmotic rupture
of the viral particles. By these treatments, the 6.2-kb ds RNA was removed from GLV[p100] whereas that in GLV[p95]
remained unchanged, and the two 6.2-kb ds RNAs that had been purified by this protocol displayed differential hybridization
properties to viral cDNA probes. Western blotting and peptide mapping experiments show that p100 and p95 were closely
related proteins, but each had distinct amino acid sequences. Virus purification and pulse–chase experiments show that
GLV[p100] was selectively secreted into the medium whereas GLV[p95] remained within the trophozoites of G. lamblia
toward the late phase of cell growth. Secretion of GLV[p100] was not inhibited by Brefeldin A. These findings demonstrate
the cohabitation of multiple Giardiavirus species in G. lamblia. q 1996 Academic Press, Inc.
INTRODUCTION puted to be RNA-dependent RNA polymerase (RDRP),
and a 6.2-kb ds RNA (Wang and Wang, 1986; Wang et
Giardia lamblia, a dinucleated protozoan that causes al., 1988, 1993; Wu et al., 1995). The RDRP activity has
widespread waterborne enteric disease worldwide, is been characterized in partially purified GLV (White and
thought to be one of the most primitive of eucaryotic cells Wang, 1990). Consistent with these observations, the se-
(Sogin et al., 1989). G. lamblia lacks mitochondria and quence of the 6.2-kb ds RNA has been shown to encode
peroxisomes and contains only primitive membranous a 98.4-kDa capsid protein and an RDRP that is probably
structures for protein sorting and intracellular trafficking. synthesized via ribosomal frameshifting mechanism from
For example, G. lamblia has an obscure Golgi apparatus the initiation of capsid protein (Wang et al., 1993). The
which only becomes apparent during encystation of the N-terminal 32 amino acid residues of the capsid protein
trophozoites (Reiner et al., 1990; McCaffery and Gillin, gene product is cleaved by an unidentified cellular cys-
1994; Lujan et al., 1995). To date, our knowledge of this teine protease to produce mature p100 (Yu et al., 1995).
organism at the molecular and cellular levels is limited GLV-infected G. lamblia cells produce only two GLV-de-
(Adam, 1991). In this regard, Giardiavirus or G. lamblia rived RNAs, a full-length single-stranded (ss) viral RNA
virus (GLV), which infects many isolates of G. lamblia, can and a ds RNA genome (Furfine et al., 1989). Transfection
be a useful tool for studying the biology of this protozoan. of the ss viral RNA leads to the recovery of infectious
GLV, a nonsegmented ds RNA virus which resembles GLV particles from transfected G. lamblia cultures (Fur-
a number of small ds RNA viruses infecting fungi and fine and Wang, 1990). The infectious cycle of GLV has
protozoa (Wang and Wang, 1991; Wickner 1993), is been partly elucidated (Tai et al., 1991, 1993). In this
unique among this group of viruses because it can infect cycle, GLV enters the susceptible host cells via endocyto-
virus-free G. lamblia isolates. Virus-like particles (VLP) sis in which the lysosomal-like peripheral vacuoles serve
purified from the spent medium of GLV-infected G. lam- as the translocation ports for the virus to reach the cyto-
blia cultures have been found to consist of a major 100- plasm. The viral RNA then replicates in the cytoplasm.
kDa capsid protein (p100), a 190-kDa protein (p190) re- GLV is also translocated to both nuclei toward the late
logarithmic phase of cell growth. Although virus infection
retards the cell growth, it does not lyse G. lamblia cells.1 To whom correspondence and reprint requests should be ad-
When GLV was purified from the lysates of virus-in-dressed at Division of Infectious Diseases, Institute of Biomedical Sci-
fected G. lamblia cells, we always observed the copurifi-ences, Academia Sinica, Taipei, Taiwan, Republic of China. Fax: 886-
2-7825573. E-mail: bmtai@ccvax.sinica.edu.tw. cation of a 95-kDa protein (p95) with p100. In this report,
1240042-6822/96 $12.00
Copyright q 1996 by Academic Press, Inc.
All rights of reproduction in any form reserved.
/ 6a0f$$7682 01-04-96 15:17:14 vira AP-Virology
125MULTIPLE SPECIES OF GIARDIAVIRUS IN Giardia lamblia
we show that p100 and p95 are capsid proteins of two 7.6, and 1 mM EDTA at 47 overnight. The dialysate was
then refractionated by a CsCl gradient centrifugation asdistinct but related viruses, GLV[p100] and GLV[p95], re-
spectively. GLV[p100] was selectively secreted into the described above.
medium whereas GLV[p95] remained within the cells
RNA extraction, probe labeling,during growth of the virus-infected G. lamblia trophozo-
and Northern hybridizationites.
RNA was extracted from the cells or purified viral parti-
MATERIALS AND METHODS cles by the hot phenol method as described elsewhere
(Scherrer and Darnell, 1962). After electrophoresis in aCultures
1% agarose gel, RNA was denatured in situ for subse-
Axenic cultures of the virus-free G. lamblia WB and quent blotting and hybridization as described (Furfine et
the persistently virus-infected G. lamblia WB (designated al., 1989). A viral cDNA clone pM2, that derives from the
WBi) trophozoites were maintained as described in a 6.2-kb ds RNA of a previously isolated Giardiavirus (Tai
previous report (Wang and Wang, 1986). et al., 1991; Wang et al., 1993), was 32P-labeled by a
random primer labeling reaction according to the suppli-
Gel electrophoreses er’s instructions (Amersham). 32P-labeled viral cDNA was
prepared by random priming of the denatured ds RNA inAgarose gel electrophoresis and sodium dodecyl sul-
a reverse transcriptase reaction. The hybridization wasfate polyacrylamide gel electrophoresis (SDS–PAGE)
performed at 427 in a solution containing 50% deionizedwere performed as described (Sambrook et al., 1989).
formamide (Sambrook et al., 1989). The blot was then
Virus purification washed twice in 21 saline sodium citrate (SSC), 0.5%
SDS for 30 min at room temperature and twice in 0.11
GLV was purified from the cell mass of G. lamblia WBi
SSC, 0.1% SDS for 30 min at 657. The hybridization signal
trophozoites as described (Tai et al., 1991), but with some
was detected by autoradiography.
modifications. In brief, the cells were recovered from ice-
cooled cultures by centrifugation at 1500 g for 20 min Antiserum production, Western blotting,
(Beckman, JA 10). The cell lysate was prepared by son- and immunoprecipitation
ication, and the debris was removed by centrifugation at
13,300 g for 20 min (Beckman, JA 20). The postnuclear Viral samples, that were used to raise sera against
GLV[p95] and GLV[p100] in Balb/c mice (Harlow andsupernatant was then separated into a fluffy membra-
nous fraction and a soluble cytosolic fraction by centrifu- Lane, 1988), were examined by SDS–PAGE and silver
staining (see Results, Fig. 2A). Anti-NNT, anti-NT, anti-C,gation at 43,700 g for 60 min (Beckman, JA 20). Subse-
quently, each fraction was resuspended in phosphate- anti-T, and anti-R sera, which were raised in rabbits
against GLV-specific synthetic peptides (see Fig. 5B, top)buffered saline (PBS), and the density was adjusted to
1.32 g ml01 by CsCl for gradient centrifugation at 257,000 (Wang et al., 1993; Yu et al., 1995), were obtained from
Dr. Alice L. Wang (University of California at San Fran-g (SW 60, Beckman) for 24 hr. Viral proteins in each
gradient were analyzed by SDS–PAGE, and viral RNA cisco, San Francisco, CA).
For Western blotting, the viral proteins were fraction-was examined by agarose gel electrophoresis or by
Northern hybridization using a 32P-labeled pM2 probe ated by SDS–PAGE and blotted onto nytran membrane
(Schleicher & Schuell) in a semidry electroblotter. Subse-(see below). The presence of VLP in viral samples was
confirmed by electron microscopy. Giardiavirus was quent immunoassays on the blot were carried out by
using the ECL chemiluminescence system (Amersham).greatly enriched in the membranous fraction. Only a
small fraction of GLV was recovered from the soluble Reprobing of the same blot was performed according to
the supplier’s instruction.cytosolic fraction (data not shown).
GLV from the spent medium was enriched by precipita- For immunoprecipitation, approximately 108 cells were
lysed in a lysis buffer containing 1% Triton X-100; 50 mMtion with 5% polyethylene glycol 6000 (PEG, Merck). The
pellet was resuspended in a high-salt solution containing Tris–HCl, pH 8.0; 150 mM NaCl; and 1 mM EDTA. The
suspension was sonicated for 1 min. The cell debris were1% Triton X-100 and 1 M NaCl in phosphate buffer before
CsCl gradient centrifugation. Fractions containing the removed by centrifugation in a microfuge for 3 min at 47.
The supernatant was incubated on ice, sequentially, with6.2-kb ds RNA were further purified by a second CsCl
gradient centrifugation. anti-GLV[p100] serum for 1 hr and immunoprecipitin
(BRL) for 30 min. The complexes were then collected byThe stability of GLV in a low-salt buffer was examined
as described previously with some modifications (Fuji- centrifugation in a microfuge. The pellet was washed
twice in the lysis buffer before examination by SDS–mura and Wickner, 1988). CsCl gradient-purified GLV
containing the 6.2-kb ds RNA was dialyzed against a low PAGE. Virus in the spent medium was enriched by PEG
precipitation before immunoprecipitation studies.ionic strength buffer consisting of 2 mM Tris–HCl, pH
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Peptide mapping that RNA in this band is probably a deletion of the 6.2-
kb ds RNA. The 6.2-kb ds RNA copurified with a major
Limited in-gel proteolysis of viral capsid proteins was p95 and a minor p100 in fractions 4 to 7 (CsCl density
performed using endoproteinases as instructed by the 1.37 to 1.39 g ml01). VLP in these fractions were infec-
supplier (Promega). Purified GLV was separated by SDS – tious, and are referred to as complete virions subse-
PAGE. The p100 and p95 bands were then excised from quently. Purification of GLV from the membranous frac-
the gel after Coomassie staining. The gel slices were tion of a cell lysate from a logarithmic phase culture
inserted into the wells of a second gel and were then resulted in an RNA profile in a CsCl gradient similar to
coelectrophoresed with endoproteinases in a 8–20% that described above, except that the subgenomic ds
gradient gel where proteolytic digestion and electropho- RNAs were separated into three fractions in this gradient
retic separation of the resulting peptide fragments oc- (Fig. 1B). Each fraction contained a distinct size of sub-
curred. The gel was stained by silver staining. genomic ds RNA species. However, complete virions in
this gradient were composed of equivalent amounts of
Electron microscopy p95 and p100. In contrast to the virus purified from the
cell lysates, complete virions that were purified from theThe purified virus which was preadsorbed onto a for-
spent medium of a G. lamblia WBi culture always con-mvar-coated grid was fixed in 0.1% glutaraldehyde. The
tained a constant proportion of a major p100 and a minorvirus was then stained with 0.5% uranyl acetate for elec-
p95 (Fig. 1C). This composition was independent oftron microscopy.
growth phase of the culture (data not shown). Neither
p95- nor p100-containing VLP were recoverable from aIn vivo [35S]methionine labeling
CsCl gradient purification of a G. lamblia WB culture (data
Adherent G. lamblia cells that were harvested at loga- not shown).
rithmic phase of growth were washed in sterile PBS Complete virions whose capsids consisted of only a
twice. The cells were then incubated in methionine-free major p95 and a minor p190-equivalent protein were oc-
RPMI 1640 (Gibco) for a defined period at 377. The cells casionally recovered from G. lamblia WBi cells (Fig. 2A).
were recovered and resuspended in a labeling mixture In contrast, complete virions purified from the spent me-
containing 10% dialyzed fetal calf serum (Hyclone), 2 mg dium whose capsids consisted of a major p100 and a
ml01 L-cysteine, 0.2 mg ml01 ascorbic acid, 0.75 mg ml01 minor p190 were usually contaminated by a minor p95
bile, and 350 mCi ml01 [35S]methionine (Amesham) in me- doublet migrating close to p100. This contamination
thionine-free RPMI 1640 and were subsequently incu- probably originated from the residual cell mass in the
bated at 377 for a defined period. The cells were washed spent medium (see below). Some minor faster-migrating
twice in sterile PBS before being chased in fresh medium bands of unknown origin were also seen in this gel.
containing 1 mM cold methionine. In some experiments, For the convenience of discussion, VLP whose capsids
the cells were coincubated with 80 mg ml01 Brefeldin A consist of p95 or p100 are abbreviated as GLV[p95] or
(Sigma) during pulse and chase period. Purification of GLV[p100], respectively. All viral proteins were well re-
GLV was performed as described above. The viral sam- solved by SDS–PAGE in a sample of premixed GLV[p95]
ples were analyzed by SDS–PAGE. The gels were and GLV[p100]. Icosahedral-shaped virions of approxi-
treated with En3Hance (Du Pont) for fluorography. mately 30 nm diameter were observed when GLV[p95]
was examined by transmission electron microscopy (Fig.
RESULTS 2B). GLV[p100] exhibited a morphology similar to that of
GLV[p95] although the fine structure of the virions in thisPurification of GLV
sample is less clear.
GLV was purified from the membranous fraction of a
cell lysate from a stationary phase culture by CsCl gradi- Separation of GLV[p100] and GLV[p95]
ent centrifugation. In this gradient, a major p100 band
was found in low-density fractions 1-2 (CsCl density GLV[p100] and GLV[p95] particles can be separated
into two distinct fractions on the basis of their relative1.30–1.33 g ml01). Cellular contaminants in these frac-
tions were removed by subsequent CsCl gradient centrif- osmotic stabilities in a low salt buffer. By CsCl gradient
centrifugation, VLP in which the 6.2-kb ds RNA had beenugation which resulted in p100-containing VLP that were
devoid of the 6.2-kb ds RNA (designated empty capsids) removed from viral particles by osmotic rupture would
be shifted to low-density CsCl fractions, and VLP from(data not shown). In fraction 3 (CsCl density 1.35 g ml01),
a small quantity of a 95-kDa protein (p95) copurified with which the 6.2-kb ds RNA remained within viral particles
would stay in high-density CsCl fractions. In a GLV[p100]p100. This fraction was associated with a 3- to 5-kb
smear hybridization band. RNA in this band cross-hybrid- sample, the majority of p100 was shifted to low-density
fractions after osmotic treatment and CsCl gradient cen-ized to both the sense and antisense riboprobes that
were transcribed from pM2 (data not shown), suggesting trifugation (Fig. 3A). Only a small proportion of p100 re-
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mained in high-density fractions. The naked 6.2-kb ds
RNA, precipitated at the bottom of the centrifugation tube,
was apparently derived from GLV[p100]. GLV[p100] with-
out prior osmotic shock resulted only in intact GLV[p100]
upon recentrifugation (data not shown), suggesting that
the instability of GLV[p100] is due to osmotic shock. In
contrast, in a GLV[p95] sample, only a small proportion
of p95 was shifted to a low-density fraction while majority
of the protein remained in high-density fractions (Fig. 3B).
When GLV[p100] and GLV[p95] samples were mixed for
osmotic analysis as described above, p95 was found in
high-density fractions, but p100 was not detectable in
the same gradient (Fig. 3C), suggesting that the empty
GLV[p100] capsids that had been produced during os-
motic shock were further disassembled. Similar results
were obtained when a CsCl gradient-purified GLV sam-
ple with equivalent amounts of p100 and p95 was exam-
ined (Fig. 3D). In this case, p100 was found in low-density
fractions with a minor p95 doublet band, and p95 was
FIG. 1. Purification of GLV. GLV was purified from a membranous
fraction of a G. lamblia WBi cell lysate that was prepared either from
a stationary phase culture (A), or from a logarithmic phase culture (B)
by CsCl gradient centrifugation. The virus was also purified from the
spent medium of a stationary phase culture (C). Aliquots of samples
from the top of each gradient (lane 1) to the bottom were analyzed for
viral proteins by SDS–PAGE in a 7.5% gel. The gel was stained by
FIG. 2. Proteins and electron micrographs of GLV[p100] andCoomassie blue (bottom). Viral RNA in each fraction of the gradient
GLV[p95]. In A, the proteins of GLV[p95] (lane 1), GLV[p100] (lane 2),was analyzed by Northern hybridization using a 32P-labeled viral cDNA
or a mixture of GLV[p95] and GLV[p100] (lane 3) were fractionated inclone pM2. The hybridization signal was detected by autoradiography
a 7.5% polyacrylamide gel, and the gel was stained with silver. In B,(top). In C, asterisks (*) above lanes indicate the presence of a 6.2-kb
GLV[p95] (left) or GLV[p100] (right) was stained with 0.5% uranyl acetateds RNA in the viral samples (data not shown). p100 and p95 indicate
and observed in a transmission electron microscope. The bar repre-the 100-kDa and the 95-kDa viral capsid proteins in SDS–PAGE, re-
sents 50 nm.spectively.
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FIG. 3. Separation of GLV[p100] and GLV[p95]. Enriched complete virions (lane 0) of GLV[p100] (A), GLV[p95] (B), a mixture of GLV[p100] and
GLV[p95] (C), or a CsCl gradient fraction containing both p100 and p95 (D) were dialyzed in a low-salt buffer and were then fractionated by CsCl
gradient centrifugation. Aliquots of samples from the top of each gradient (lane 1) to the bottom were analyzed for viral proteins by SDS–PAGE in
a 7.5% gel. The gel was stained with Coomassie blue. Asterisks (*) above lanes indicate the presence of the 6.2-kb ds RNA in the viral samples
(data not shown).
found in high-density fractions with a minor p100 band.
A slowly migrating protein of unknown origin was found
in fraction 10. These findings suggest that p100 and p95
are located in two physically distinct virions in G. lamblia
WBi trophozoites. The possibility that GLV[p100] and
GLV[p95] infect different subpopulations of G. lamblia
cells is excluded by coexistence of p100 and p95 in
several newly cloned G. lamblia Portland I cultures which
have been persistently infected by GLV (data not shown).
Analysis of viral RNA
GLV[p95] RNA that was extracted from GLV[p95] parti-
cles and GLV[p100] RNA that was precipitated at the
FIG. 4. Northern hybridization of the 6.2-kb ds RNA in GLV[p100] andbottom after virus separation as shown in Fig. 3D were
GLV[p95]. GLV[p100] RNA (lane 1) was obtained from the sample
analyzed by Northern hybridization. We consistently ob- shown in Fig. 3D, lane 10, and GLV[p95] RNA (lane 2) was obtained
served differential hybridization properties of the two ds by extraction of intact GLV[p95] as shown in Fig. 3D, lane 8. These
RNAs were fractionated in a 1% agarose gel, and the gel was stainedRNA samples with a 32P-labeled cDNA probe reverse-
with ethidium bromide (A). RNA in the gel was denatured and blottedtranscribed from the 6.2-kb ds RNA of GLV[p95] (Fig. 4B)
onto a nytran membrane. The blot was hybridized with a 32P-labeledor a 32P-labeled pM2 probe (Fig. 4C). Strong hybridization
cDNA probe reverse-transcribed from the 6.2-kb ds RNA of GLV[p95]
to GLV[p95] RNA by both probes was observed on the (B), or by a random-primed 32P-labeled pM2 DNA probe (C), at 427. The
blot. Hybridization to GLV[p100] RNA was found to a posthybridization washes were performed as described under Materi-
als and Methods.much lesser extent even though a significantly higher
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amount of GLV[p100] RNA was loaded onto the gel (Fig.
4A). These results suggest that the 6.2-kb ds RNA in
GLV[p100] is not identical to that in GLV[p95].
Analysis of viral proteins
The relationship of GLV[p100] and GLV[p95] was fur-
ther examined at the protein level by Western blotting.
Equivalent amounts of the enriched GLV[p100] and
GLV[p95] samples were separated by SDS–PAGE, and
the proteins were electroblotted onto nytran membrane
for subsequent immuno detection by sera raised against
purified GLV (Fig. 5A). Anti-GLV[p95] cross-reacted with
p100 and p95 to similar extents. Because of minor p95
contamination in the GLV[p100] sample used for immuni-
zation, anti-GLV[p100] serum was preadsorbed with
GLV[p95] before incubation with the protein blot. Only
p100 was recognized by the preadsorbed serum, sug-
gesting the presence of amino acid sequence unique to
p100. No reaction was detected on protein blots after
incubation with preimmune serum. In a separate experi-
ment, Western blotting used a number of sera raised
against synthetic peptides (Fig. 5B). Anti-NNT serum,
which recognizes the NNT region of capsid protein,
cross-reacted with p100 and p95 to similar extents. Simi-
lar results were observed in blots probed with anti-C
or anti-T serum (data not shown). Anti-R serum, which
recognizes the R region of RDRP, cross-reacted with
p190 in GLV[p100] and a p190-equivalent protein in
GLV[p95] to similar extents. These results suggest that
p100 and p95 share similar amino acid sequences in the
NNT, C, T, and R regions of the viral proteins. Consistent
with a previous report (Yu et al., 1995), anti-NT serum
did not cross-react with either p100 or p95.
Peptide mapping by limited proteolysis is a well-estab-
lished method for examining related proteins (Cleveland
FIG. 5. Analysis of viral proteins in GLV[p100] and GLV[p95] by West-
et al., 1977). We therefore used it to determine whether ern blotting. Proteins from GLV[p100] (lane 1 in A, lane 2 in B) or
p100 and p95 are two distinct proteins. In these experi- GLV[p95] (lane 2 in A, lane 1 in B) were fractionated by SDS–PAGE in
a 7.5% gel and stained by Coomassiae blue (leftmost). Proteins on aments, p100 and p95 from purified virions were further
duplicate gel were then electroblotted onto nytran membrane for West-gel-purified for subsequent in-gel proteolysis. Digestion
ern blotting using anti-GLV sera (A) including anti-GLV[p95] serumby endoproteinase Glu-C generated remarkable differ-
(aGLV[p95]) (500 1 dilution) and anti-GLV[p100] serum which was pre-
ences between the peptide maps of p100 and p95 al- adsorbed with GLV[p95] (preadsorbed aGLV[p100]) (2,000 1 dilution).
though regions common to the two proteins were also Preimmune mouse serum (NMS) (1000 1 dilution) was also included.
Western blotting on a separate blot (B) was performed using anti-present (Fig. 6A). This is also true even after more exten-
peptide sera including anti-NT (aNT) (500 1 dilution), anti-NNT (aNNT)sive proteolysis with increasing concentrations of endo-
(2000 1 dilution), anti-C (data not shown), anti-T (data not shown), andproteinase Glu-C. Smaller but significant differences be-
anti-R (aR) (5001 dilution) sera. The location of each peptide sequence
tween the peptide maps of p100 and p95 were found is shown in the top in B.
with endoproteinase Arg-C digestion (Fig. 6B). In con-
trast, almost identical maps were generated when these
thereafter. At the end of the pulse, GLV was purified
two proteins were digested by endoproteinase Lys-C
from the cell mass by CsCl gradient centrifugaton. Viral
(Fig. 6C). Identical peptide maps were generated when
proteins, which were composed of a major p100 and ap100 from intracellular GLV[p100] and that from extracel-
significant amount of p95 doublet, were detected in lowlular GLV[p100] were digested by any of the endopro-
density fractions of this gradient (Fig. 7A). Viral proteins inteases described above (data not shown).
the high density fractions were barely detectable. These
Secretion of GLV results show that the majority of newly synthesized p100
and p95 are assembled into empty capsids. A similarTo study virus secretion, G. lamblia WBi cells were
first pulsed with [35S]methionine for 6 hr and chased protein profile was observed when virus was purified
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FIG. 6. Analysis of p100 and p95 by peptide mapping. Approximately 1 mg of p95 (lanes 1, 3, and 5) or p100 (lanes 2, 4, and 6) was excised from
the first gel. Each gel slice was inserted into a well in a second gel and was then coelectrophoresed with 5% (w/w) (lanes 1, 2), 10% (lanes 3, 4),
or 20% (lanes 5, 6) of endoproteinase Glu-C (A), endoproteinase Arg-C (B), or endoproteinase Lys-C (C), respectively. The electrophoresis was
interrupted at the interface of the stacking gel and separating gel for 3 hr for protease digestion. The fragments thus generated were separated in
an 8 –20% gradient gel, and each gel was silver stained. Fragments that were derived from self-digestion of the proteases are indicated by
arrowheads (b). In A, self-digestion of endoproteinase Glu-C resulted in a very light band which is invisible in the photocopy.
from the cell mass at 6 hr postpulse, a time when the thought to be impurities or degradation products. In this
report, we demonstrated that p95 is the capsid proteincells were still in healthy growth as observed under the
of a Giardiavirus GLV[p95] that coinfects with GLV[p100]light microscope (data not shown). In contrast, only p100
in G. lamblia WBi cells. The faster migrating protein bandwas detected in the low density fractions in a CsCl gradi-
in the p95 doublet of a GLV[p100] sample also cross-ent when GLV was purified from the spent medium at 6
reacted with anti-GLV[p95] serum (data not shown). It ishr postpulse (B). The spent medium had been filtered
not clear whether this protein also forms a virion.through a 0.45-mm membrane to remove the residual cell
GLV[p100] and GLV[p95] share certain characteristics.mass before virus purification. These results suggest that
For example, their buoyant densities in CsCl are identi-GLV[p100] is selectively secreted into the medium from
cal, and they exhibit similar morphology under the elec-G. lamblia WBi cells. We therefore investigated whether
tron microscope. The stoichiometric ratio between p95the secretion can be inhibited by Brefeldin A, a drug that
and p190-equivalent protein in GLV[p95] is similar to thatinhibits assembly of Golgi apparatus in mammalian cells.
between p100 and p190 in GLV[p100].G. lamblia WB or WBi cells were pulsed for 1 hr and
Coexistence of similar but distinct virions in the samechased overnight. At the end of the chase, viral proteins
cells could be due to the presence of homologous orwere examined by immunoprecipitation with anti-
nonhomologous viruses. For example, in the Adeno-as-GLV[p100] serum (C). p100 was precipitated from both
sociated virus type 2, three related capsid proteins VP1,the cell mass and the spent medium of a G. lamblia WBi
VP2, and VP3 in a ratio of 1:1:10 have been identified inculture, with or without Brefeldin A treatment, whereas
the purified viral particles. The minor VP2 alone can beno protein was precipitated from samples prepared from
assembled into capsids as shown by a Baculovirus ex-G. lamblia WB cultures. These observations suggest that
pression system, but the assembly of VP1 or VP3 intothe secretion of GLV[p100] is not inhibited by Brefeldin A.
particles requires coexpression of VP2 (Ruffing et al.,
1992). Similar observations have also been made in otherDISCUSSION
Parvovirus systems (Brown et al., 1991; Kajigaya et al.,
GLV shed into culture supernatants from virus-infected 1991). In these instances, the related capsid proteins are
G. lamblia has been shown to encapsidate a 6.2-kb ds derived from an identical viral genome. In contrast to
RNA within a capsid that comprises a major capsid pro- the Parvoviruses, nonhomologous genomic ds RNAs of
tein p100 and a minor p190 (Wang and Wang, 1986; Wang Saccharomyces cerevisiae virus (ScV) (for example L–A
et al., 1988, 1993; Wu et al., 1995). In this regard, minor and L–BC), which are encapsidated in separate capsids
protein doublet bands, including p95 and a smaller pro- with distinct capsid proteins, have been shown to infect
the same yeast strains (Field et al., 1982; Sommer andtein, migrating close to p100 in SDS–PAGE, are usually
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type of experiments (data not shown), suggesting that
p95 is not derived from p100 by posttranslational events,
or vice versa. By peptide mapping, p100 and p95 are
apparently two distinct proteins which probably derive
from different viral genomes. The location of lysine resi-
dues in p100 and p95 are highly conserved, while those
of glutamic acid residues are less conserved. Hybridiza-
tion studies show that the 6.2-kb ds RNA of GLV[p95] is
probably the genome of a Giardiavirus reported earlier
(Wang et al., 1993), and that of GLV[p100] is probably a
new viral ds RNA species. Apparently, the relationship
between GLV[p100] and GLV[p95] is analogous to the
ScV system of yeast, according to our protein and RNA
analyses.
Virus purification suggests that GLV is sequestered in
membranous structures within G. lamblia WBi cells. In
this regard, VLP have been identified within certain vesi-
cles in the cytoplasm of G. lamblia WBi cells (unpub-
lished observation). Accumulation of GLV[p95] within G.
lamblia WBi cells and differential secretion of GLV[p100]
cannot be explained simply by leakage of GLV from dead
cells. Therefore, there must exist an exocytotic pathway
which exports GLV[p100] into the medium. Protein secre-
tions in both constitutive and regulated pathways have
been reported in G. lamblia, and they can be inhibited
by Brefeldin A at 50 mg ml01 (Lujan et al., 1995). Because
secretion of GLV[p100] was not inhibited by 80 mg ml01
Brefeldin A, this pathway is conceivably different from
the known pathways of protein export in G. lamblia.
Differential stability of GLV[p100] and GLV[p95] in a
low-salt buffer allowed us to enrich viral samples for
biochemical studies. The ability to prepare GLV[p100]
empty capsids by osmotic shock may contribute to the
development of an in vitro assay system for GLV RNA
replication, as has been developed for ScV (Esteban et
al., 1988; Fujimura and Wickner, 1988, 1989).FIG. 7. Secretion of GLV into the medium from G. lamblia WBi cells.
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